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Nature-based solutions could offset
coastal squeeze of tidal wetlands
from sea-level rise on the U.S.
Pacific coast

Karen M. Thorne'™, Kevin J. Buffington?®, Michael J. Osland?, Bogdan Chivoiu?,
James B. Grace?, Nicholas M. Enwright? & Glenn R. Guntenspergen*

In this study, we explored the opportunities for tidal wetland landward migration in response to sea-
level rise on the Pacific Coast of the United States. By employing a systematic spatial approach, we
quantified the available space for wetland migration with sea-level rise across 61 estuarine drainage
areas. Although many of the existing tidal wetlands are small patches, our analyses show that 63%

of the estuaries lacked the landward migration space needed to replace current tidal wetland extent,
thereby threatening a wide range of protected species and ecosystem services. Developed lands and
steep topography represent common barriers to migration along the Pacific coast, especially in central
and southern California. The available wetland migration space consists primarily of agriculture,
pasture, and freshwater wetlands, with most of the area available for migration occurring in just a few
watersheds. In most watersheds tidal wetland migration would only occur with human intervention

or facilitation. The greatest amount of area available for wetland migration was in the San Francisco
Bay-Delta and Columbia River estuaries, together accounting for 58% of all available migration space
on the Pacific Coast. Nature-based solutions to reduce tidal wetland loss from sea-level rise can include
restoration in suitable areas, removal of barriers to tidal wetland migration, and elevation building
approaches. Tidal wetland restoration opportunities could increase area by 59%, underscoring it as a
plausible approach to prevent tidal wetland loss in those estuaries and a viable Nature-based solution.
54% of estuaries building elevations of existing tidal wetlands may be the most feasible approach
needed. Our analyses illustrate the importance of management efforts that use Nature-based
approaches to prevent tidal wetland ecosystem and species loss over the coming decades from sea-
level rise.

A rapidly warming climate poses many challenges to biodiversity, ecosystems, and human communities.
Through changes in mean and extreme conditions, and variability', this new climatic environment threatens
the maintenance of biodiversity and creates critical challenges for conservation. At the 2022 United Nations
Convention on Biological Diversity, a worldwide initiative was adopted to conserve 30% of natural lands and
seascapes globally, with the United States (U.S.) committing to protect 30% of their lands and oceans by 2030% In
many regions, this can be accomplished through conservation planning and ecosystem restoration, though threats
from climate change and sea-level rise make these goals more difficult to achieve, especially along developed
coastlines. The world has about 620,000 km of coastlines, with over one-third of the total human population
living within 100 km of the coast® and human populations along coasts are projected to continue to increase®.
Coastlines have a variety of habitats including estuaries that have been recognized as particularly important for
their economic, recreational, and cultural value to people (Fig. 1). Changing climate and accelerating sea-level
rise threaten estuaries, with increased risk of chronic high tide flooding, flooding during storms and hurricanes,
permanent inundation, and ecosystem loss across low-lying and erodible coastlines®. Rates of sea-level rise
are likely to continue accelerating even under the lowest greenhouse gas emission scenarios, with increasing
sea-level rise rates more likely under higher emission scenarios and associated rapid melting of ice sheets®!.
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Fig. 1. Tidal wetlands support a range of ecosystem services for people and support biodiversity by providing
a range of habitats for wildlife and fish. Many species are migratory, endemic, or protected. (A) Federally and
state endangered salt marsh harvest mouse (Reithrodontomys raviventris; photo credit: B Thein, U.S. Fish &
Wildlife Service), (B) sea otter (Enhydra lutris, photo credit: U.S. Fish & Wildlife Service) (C) Migratory least
sandpipers (Calidris minutilla; photo credit: D. Ledig, U.S. Fish & Wildlife Service), (D) Federally endangered
Salt marsh bird’s beak (Cordylanthus maritimus; photo credit: L. Cox, U.S. Fish & Wildlife Service), (E) Coho
salmon (Oncorhynchus kisutch, photo credit: Bureau of Land Management), (F) California black rail (Laterallus
jamaicensis coturniculus, photo credit: U.S. Geological Survey). All photos are in the public domain.

A recent study suggested that between $4-6 billion USD would be needed to adapt and mitigate for sea-level
rise impacts in Los Angeles County alone, which has 120 km of coastline!2. Our response to climate change will
require a science informed decision-making framework to preserve estuaries along the coast of the U.S'.

Tidal wetlands cover about 6% of the world’s land surface and occur in sheltered or low-energy estuaries
and lagoons'!*, Wetlands are under pressure by human activities and development, with over 70% of wetlands
lost globally over the last century'®. There is a total of 2.59 million ha of tidal wetlands in the U.S. primarily
with about 97% located along the East Coast and Gulf Coastline!®, underscoring the need to fully understand
the potential cascading effects of sea-level rise for policymakers and managers to implement adaptation
strategies. Tidal wetlands provide a range of societal benefits with economic and recreational value being well
documented®!”!. In addition, in the U.S. these ecosystems also support a wide range of species at risk, including
sea otters (Enhydra lutris,'®), Atlantic salmon (Salmo salar,?), spoonbill sandpiper (Calidris pygmaea®'), and the
California Ridgway’s rail (Rallus longirostris obsoletus®?), which is often not well recognized (Fig. 1). Due to tidal
wetland loss, protection and restoration efforts have become more common. Tidal wetland restoration comes in
many forms and depends on estuary conditions. One of the most common and effective restoration approaches
is the reintroduction of tidal waters by removing dikes or levees, which can return the physical, biological, or
chemical characteristics to a natural state?>. Improving tidal wetland connectivity and rehabilitation by repairing
the function of degraded wetlands is also a common practice?’.

Tidal wetlands can maintain their position within the tidal frame and avoid submergence from rising sea
levels by building their surface elevations through biogeomorphic processes including sediment capture and
organic contributions?!. Additionally, tidal wetlands can adapt to rising seas by migrating upslope to colonize
suitable elevations?>?®. Upslope migration is an emerging topic of importance given the urgent need to identify
options to facilitate wetland adaptation to sea-level rise?>~2%. However, many of these studies have been conducted
along low-lying coastlines with the greatest wetland migration potential, prompting us to conduct a detailed
assessment for a region with steep topography, extensive urban development, and presumably more limited
migration capacity.

Natural or Nature-based solutions (NbS) refer to a form of adaptation that uses natural features in the form of
ecosystem modifications to address societal challenges and provide benefits for both people and biodiversity®.
NbS can involve a range of approaches such as restoration, protection, or even a semi-natural state (e.g., green
seawall). NbS have been identified as a preferred approach to mitigating the impacts from climate change!!, and
tidal wetland restoration is identified as an important NbS management perscription and one that is already
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employed globally®®. The potential and limits for NbS for tidal wetlands need to be explored and quantified
to understand what is suitable for management?**!, especially compared to engineering or grey infrastructure
alternatives. These considerations motivated our three related questions: (1) Are there opportunities for NbS
to prevent tidal wetland loss? (2) Where are the opportunities for tidal wetland migration and restoration? (3)
What landcover types could be converted? We use a regional approach for the Pacific Coast of the conterminous
U.S. using spatial data and analyses investigating the opportunity for tidal wetland migration (Table 1). Results
of our projections were then analyzed to identify the types of impediments (e.g., urban development) to tidal
wetland migration and opportunities for NbS in the form of wetland restoration or vertical adaptation to build
sea-level rise resilience. Here, we define wetland restoration as an action that involves efforts to reintroduce
physical, chemical, and biological processes to an area suitable for the reintroduction of tidal water to facilitate
wetland plant development. For our analyses, restoration potential refers to areas with suitable elevations (up
to mean higher high water spring, MHHWS) for wetland development that can be restored by the removal
of barriers (e.g., levees, dikes) that are currently impeding tidal waters and emergent plant colonization. This
straightforward approach is transferable to other coastlines and provides a framework and the information
needed to prioritize conservation and management actions.

Results

Current area

Current tidal wetland area across the 61 estuarine drainage areas (EDAs) along the Pacific Coast of the U.S.
totaled 106,610 ha with a mean area of 1,748 ha (Table S1, Figure S1). California had the largest amount of
current wetland area with 53%, while Oregon had 30% and Washington had 17% (Table S2). Both the smallest
and largest tidal wetland areas were in California, with Ventura EDA being the smallest with 4 ha and San
Francisco—San Pablo—Suisun Bay EDA with the greatest tidal wetland amount of 48,248 ha (Table S3, Figure
S1). 82% of the EDAs had less than 1,000 ha of existing tidal wetlands (Table S3, Figure S1).

Natural migration

The area available for natural wetland migration to occur under sea-level rise (MHHSW +1.5 m) along
the Pacific Coast of the U.S. totaled 40,166 ha (Table S1), this scenario considers passive migration with no
implementation of NbS. Natural migration could allow 38% of the tidal wetland area to persist under sea-level
rise when compared with current area. The Gualala-Salmon EDA had zero area available for natural wetland
migration and 13 EDAs had less than 20 ha available for natural migration. Twenty-three EDAs had less then
50% of the original area available for natural migration. 29% of the EDAs could increase their current area with
natural marsh migration (Table S3).

Restoration potential

Our analysis shows that the area suitable for restoration is 171,410 ha based on elevation and land cover class
(Fig. 2, Figure S3, Table 1, Table S1). Restoration efforts could increase total tidal wetland area by 61% across the
Pacific Coast. California had 83% of the area available for wetland restoration, while Washington and Oregon
had 10 and 7%, respectively (Table S3). Most of the restoration area was located in the San Francisco—San
Pablo—Suisun Bays EDA (80% of the total area) with a possible increase in total tidal wetland area of 284% with
137,185 ha available (Fig. 3, Figure S4, Table S3). Most of this potential area for restoration is currently cropland
(Fig. 3, Figure S3). The second largest potential increase in tidal wetland area with restoration was the Puget
Sound EDA (16,096 ha, 9% of total), followed by the Columbia River EDA (8392 ha, 5% of total). Four EDAs had
the potential to more than double their tidal wetland area with restoration, with Nooksack EDA in Washington
having the largest potential with an increase of 3.5 times its current extent. Forty-seven EDAs had minimal
potential for tidal wetland area gains with restoration (< 100 ha, Fig. 4). Fourteen EDAs had zero ha available for
restoration and 11 EDAs had less than 1 ha available for restoration.

Facilitated migration

Tidal wetland migration in all EDAs would require active management actions such as the removal of levees
and other barriers. With action (removal of barriers to migration, restoration) the potential migration space
identified is composed of six land cover types that totaled 157,271 ha across all EDAs (Table S4, Fig. 2). Developed
lands were the largest possible area for tidal wetland migration with 71,631 ha (54% of the total) across all
EDAs (Fig. 2). However, for this analysis development was considered a barrier for tidal wetland migration. We
assumed that human development will be protected from flooding with sea-level rise and therefore will not have
the conditions for wetland plant establishment. Therefore, after removing developed lands from the total, only

Term Definition Area available (ha)
Tidal wetland Current area based on coastal change analysis program (C-CAP) data 106,610
Natural migration The area available for wetland migration that would occur under sea level rise with no human intervention (no NbS) | 40,166
Wetland restoration | The area available currently for tidal wetland restoration that resides within current tidal zone 171,410
Facilitated migration | Wetland migration that could occur under sea-level rise if restoration and removal of barriers took place 45,474

Table 1. In the context of Nature-based Solutions (NbS) different actions can be taken now or in the future
for the Pacific Coast. Here, we use three suggested terms to understand the tradeoffs between tidal wetland
migration occurring naturally or investing in human intervention.
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Fig. 2. (A) Natural migration is how much area is available for wetland migration with no action or
intervention by people, numbers represent estuarine drainage areas (EDAs; Dale et al., 2022) (B) The amount
available for wetland restoration when compared to current wetland extent by EDAs along the Pacific Coast of
the conterminous U.S.. Three EDAs could increase tidal wetland area by over 50%. Refer to Table S2 for EDA
names, (C) The amount of area available for tidal wetland migration under 1.5 m sea-level rise, illustrating

the importance of increasing connectivity between uplands and existing wetland area, (D) Dominant type of
nature-based solution that would be required to maintain current tidal wetland area across EDAs. Vertical
refers to management actions that would help maintain elevations relative to sea-levels, such as thin-layer
sediment augmentation.

a total of 85,640 ha was estimated as possible migration space for tidal wetlands along the Pacific Coast (Table
S4). Two economically important working land cover types identified as possible tidal wetland migration space
included crops (34,945 ha) and pasture (10,529 ha). Three coastal ecosystem types were identified as areas for
tidal wetland migration—freshwater wetlands (29,239 ha), grassland scrub (8,037 ha), and forests (2,890 ha).
Washington and Oregon had the largest amount of freshwater wetland and forests identified as tidal wetland
migration space, posing a possible threat to these ecosystem types. The San Francisco—San Pablo—Suisun Bays,
Columbia River, and Grays Harbor—Willapa Bay EDAs had the largest area of freshwater wetlands identified as
migration space (Table S3, Table S4, Fig. 3). Grays-Harbor—Willapa Bay in Washington had the largest area of
forests identified as tidal wetland migration space. Pasture was the dominate landcover type in some EDAs, such
as Columbia River EDA, Puget Sound EDA, and Eel River EDA. The San Francisco—San Pablo—Suisun Bays
EDA had over 26,755 ha available for tidal wetland migration that are currently crops, while all other EDAs had
less than 2,500 ha. San Francisco—San Pablo—Suisun Bays EDA also had the largest amount of grassland/scrub
available for tidal wetland migration (Table S3, Fig. 2).
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Fig. 3. Restoration (right) and wetland migration (left) potential by estuarine drainage areas (EDAs; Dale et
al.,, 2022) across the Pacific Coast of U.S.. Restoration and migration in crop and pasture lands would require
active intervention as a NbS. Many wetland migration corridors and restoration opportunities are already
developed lands and are considered barriers in this analysis (ArcGIS Pro v3.3.0, ESRI, Redlands, CA, gis
mapping software, location intelligence & spatial analytics|Esri). EDAs listed north to south on axis.

The total tidal wetland migration potential for all EDAs was 85,640 ha with a mean of 1404 ha (SD=5198)
(Fig. 2, Figure S2). The greatest amount of area available for migration was in the San Francisco—San Pablo—
Suisun Bay EDA with 38,355 ha, and the second greatest was the Columbia River EDA with 11,437 ha (Fig. 3),
together accounting for 58% of all migration space available across all EDAs. Twenty-seven EDAs had less than
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Fig. 4. Four estuarine drainage areas (EDAs; Dale et al., 2022) along the Pacific Coast of the conterminous
U.S. had most of the area available for wetland migration and restoration. The first two of these EDAs are
in Washington, the third EDA straddles the Washington-Oregon border, and the last EDA is in California.
The land cover categories indicate the type of lands and ecosystems that would be affected by tidal wetland
migration or restoration.

100 ha available for migration, with over 50% of the EDAs having less than 200 ha available for migration
(Fig. 4). Thirty-eight EDAs (60%) did not have enough migration space to replace existing tidal wetland area
(Fig. 4). Twenty-four EDAs (40%) had enough migration space for full replacement, with Smith, Necanicum,
and Sixes EDAs (all riverine estuaries) having the potential of increasing tidal wetland area 5-7 times more than
their current extent. 46% of the EDAs had total restoration and migration area greater than the current tidal
wetland area, we identified these as needing horizontal NbS to facilitate migration (Fig. 4). The remaining 54%
of the EDAs would require in-place NbS given there is less opportunity for full area replacement with restoration
and migration.

Discussion

There is considerable uncertainty in predicting future climate and sea levels as they are largely dependent on
human behaviors and greenhouse gas emissions over the coming years (IPCC 2022), making it difficult to plan
for potential impacts and develop adaptative management prescriptions. Our results illustrate that tidal wetland
migration cannot replace existing tidal wetland extent in most places along the Pacific Coast of the U.S. without
intervention, and therefore additional management intervention is critically needed to protect ecosystem
services and prevent biodiversity loss. This finding for the Pacific Coast of the U.S. contrasts strongly with other
analyses for the U.S. and globally. For example, using a meta-analysis, Kirwan et al.> suggested that tidal wetland
vulnerability may be overestimated by not considering wetland migration. A global analysis by Schuerch et
al.%® suggests there could be up to 60% gains in tidal wetlands given migration space and constant sediment
supply, and Murray et al.** also showed global gains in some regions over 20 years. Our analysis demonstrates
the importance of regional analyses at finer spatial scales and that there may be ‘hot spots’ where loss of tidal
wetlands and their associated biodiversity may occur, which is important to consider and prioritize for NbS
measures.

Biodiversity implications

There is great uncertainty on how plants, animals, and other species will adapt to changing environments and
if relocation is even possible, which is often called the ‘stationary niche’ concept, versus species being able to
shift their realized niches and change within their landscape>*. Forecasts for species under climate change
usually define suitability by the current realized niche, but their current niche may only represent a subset
of their tolerable conditions®. Less explored is the relative importance of these concepts to the conservation
concerns related to accelerating sea-level rise and tidal wetland species, which are assumed to have more narrow
fundamental niches®®. The relative importance of different niche variables (i.e., tidal water depth, soil type,
competition) may vary among taxa and across space and over time*. Exposure-based assessments could provide
insight into sensitivity and plasticity of species. A greenhouse experiment demonstrated that Pacific Northwest
tidal wetland plants may be more sensitive to changes in salinity than flooding amounts*’. Whereas Janousek
et al.! found overlap in wetland plant species niches across the Pacific Coast illustrating plasticity. In addition,
tidal wetland avian species exhibit specialization in foraging ecology and bill morphology**** demonstrating
narrow realized niches.

Our results showed that 62% of the EDAs along the Pacific coast do not have enough migration space to
replace current tidal wetland area under a 1.5 m sea-level rise scenario, with 44% of EDAs having less than
100 ha available. These small tidal wetland parcels may not be able to support their current plant and animal
communities given their small projected size in our analysis. We hypothesis that species and their ability to cope,
adapt, or adjust to changing sea level will be limited for many endemic or obligate species**. For example, the
salt marsh harvest mouse (Reithrodontomys raviventris) is an endemic protected species in San Francisco Bay-
Delta, CA (Federal Register 50 CFR 17.11x), which resides within a narrow elevation range of wetland habitat
and is prone to being pushed out of their habitat by high water, which can lead to drowning and predation*>+4.
Also, our results illustrate the conservation concern for rare, protected upland plant species such as soft bird’s
beak (Chloropyron molle subsp. molle) that could be ‘squeezed out’ due to the lack of upland migration space.
Soft bird’s beak does occur selectively within the San Francisco Bay-Delta, which was the location with the

Scientific Reports |

(2025) 15:11443 | https://doi.org/10.1038/s41598-025-93437-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

greatest area available for tidal marsh restoration, presenting an opportunity to prevent species loss. The San
Francisco Bay-Delta has extensive, ongoing efforts for tidal wetland restoration over the coming decades*” that
will benefit tidal wetland species. In contrast, salt marsh bird’s beak (Chloropyron maritimum ssp. maritimum)
is also a protected rare species that grows in similar habitat as soft bird’s beak but is distributed across southern
California estuaries with very little tidal wetland migration or restoration potential due to development or steep
topography*®. In contrast, as wetlands migrate inland, they will replace other habitat types, such as freshwater
wetlands, forests, and grasslands/scrub which could impact biodiversity. Along the Atlantic coast of the U.S.
‘ghost forests’ have emerged as indicators of sea-level rise and salt water intrusion® into the upland, but this
land conversion also provided an opportunity for invasive species expansion (e.g., Phragmites australis) which
reduced habitat for the saltmarsh sparrow (Ammodramus caudacutus).

Migration potential

Tidal wetlands develop in the presence of favorable conditions in water levels, plant growth, and sufficient
sediment supply. The potential for tidal wetland migration to occur across estuaries is dependent on whether the
upland habitat is suitable for emergent plant colonization (beyond elevation), which requires saturated hydric
soils of particular grain size and appropriate biogeochemistry®®!. If soils are not suitable for hydrophytic plant
colonization, shifts in dominant plant communities may occur, but more studies are needed. Studies on the
physical and biological mechanisms for upland migration of wetlands in New England and Chesapeake Bay
(U.S.) concluded that there is a need to advance understanding of how tidal wetland plants can successfully
replace upland forests®*>>>3, and there is debate if the processes are primarily driven by topography, slope,
chronic flooding, extreme storm events, or substrate suitability. In contrast, a modeling study showed that slope
and extreme water levels interacted to determine the rate of upslope migration?”. In our analysis, over 2500 ha
of the migration space in the Pacific Northwest was dominated by temperate coastal forests, an ecotone habitat
which has been shown to be sensitive to saltwater intrusion®®. Freshwater wetland was also a large proportion
of the migration space in Oregon and Washington, which aligns with concerns identified by Osland et al.26
and Grieger et al.>>. For the conterminous U.S., Osland et al.?® show that two-thirds of the potential space
for tidal saline wetland migration is expected to occur at the expense of freshwater wetlands (i.e., freshwater
marshes and forests). Tidal saline wetland migration into these freshwater wetlands is a wetland transformation
rather than a wetland gain. There is a need for greater understanding on what will occur within freshwater
wetlands with saltwater intrusion and the expansion of salt tolerant plants into their space®®. Measurements
and the understanding of the important biogeomorphic feedbacks among vegetation, geomorphology, soil, and
migration are needed to understand the role of these components on feasible tidal wetland migration.

Nature-based solutions

Our results illustrate an important near-term need to develop and implement NbS actions to prevent tidal wetland
loss and maintain their ecosystem services with sea-level rise (Fig. 4). Traditional coastal protection strategies
include hard engineered infrastructure such as seawalls and weirs®’. However, there is a growing interest in
‘soft’ or ‘green’ infrastructure as an approach to benefit both tidal wetlands and society®®-°!. The use of NbS are
needed to combat sea-level rise impacts on tidal wetland loss for the Pacific coast and has been championed
as an important approach to mitigate loss®>®>%3, This can come in the form of oyster reef building®, seagrass
restoration®, or dune restoration®, with tidal wetland restoration as one of the most widespread approaches?3.

Tidal wetland restoration involves the recovery or recreation of physical, chemical, or biological characteristics
associated with these habitats, often requiring the reintroduction of natural hydrologic conditions such as stream
connectivity and connection to tidal waters by removing diversions, dikes, and levees. We found that most
areas suitable for restoration (e.g., pasture, crops) must have impediments in place to prevent tidal waters from
entering that area (Fig. 2, Fig. 4). In these situations, facilitating tidal wetland upland migration would involve
the removal of hydrological barriers such as culverts, levees, and old infrastructure. The use of runnels, which
are shallow channels, has also been piloted to assess the efficacy to assist restoration efforts in improving wetland
drainage®’. Thus, restoration can come in many forms including a hybrid of green and grey infrastructure,
passive restoration in the form of breaking of levees or dikes®®, or areas designed with sea-level rise enhancement
features®. For example, horizontal levees are an emerging idea that consists of a hardened structure that has
a wide expanse of natural habitat, usually tidal wetlands between the ocean and upland that naturally buffers
rising waters and provides provisions for habitat. The San Francisco Bay-Delta had the greatest possibility for
wetland restoration accounting for over 80% of the total area along the Pacific coast. Active restoration may be
particularly important for this area given the millions of people that reside here and the number of rare and
protected plant and animal species’’.

Restoration methodologies are already in the management toolbox for most areas and therefore expansion
of its application could greatly increase resilience. However, a recent debate in the literature has emerged about
restoration benefits and if they truly hold climate benefits?*”172. The rate at which tidal wetlands develop in
restoration projects is the greatest uncertainty’?, for example, declining sediment supply in some estuaries may
prevent tidal wetland elevations from building enough for vegetation establishment with rising sea levels’*”>.
Many tidal wetland restorations also have goals for carbon sequestration to meet greenhouse gas offset goals”s,
which is dependent on the rate of vegetation development and accretion, and could lead to methane (CH,)
emissions a more potent warming greenhouse gas’’. Our analysis presented here shows clear concerns for
biodiversity and other ecosystem services with sea-level rise without intervention. Tidal wetland restoration
could offset some impacts, but alternative NbS are needed for many estuaries along the Pacific coast. Concerns
about the removal of barriers (dikes, levees etc.) which could alter local hydrodynamic processes and result in
changes in water velocity, coastal erosion, and flooding are valid and should be evaluated when considering NbS.
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Our analysis showed that 46% of the possible migration space is currently developed lands which we treated
as a barrier for tidal wetland establishment. Between steep topography and development our results show that
there is not enough space for migration to replace existing tidal wetlands without active intervention; therefore,
compelling NbS are those that address vertical resilience (build wetland elevations relative to rising seas) and
restoration to increase extent and migration potential (Fig. 4). This is in contrast to other U.S. regions that have
shown migration as an important process to build sea-level rise resilience and space is available for migration®>78.
A study focused in southern California found similar results to our analysis and identified that the majority of
wetland migration space is currently developed lands, but would have historically been tidal wetlands”. Stein et
al.” also suggested implementing vertical elevation building strategies where migration space is lacking. In recent
years, a vertical resilience approach to raise wetland elevation by applying sediment slurry to a tidal wetland
surface or nearby shallows has become widespread, but with mixed results®*-8. Other accretion enhancement
approaches could be tested and could include revegetation to facilitate sediment trapping®’, nutrient addition to
increase productivity®®, shoreline stabilization to reduce lateral erosion®, and improving hydrology to facilitate
sediment deposition’.

Social and economic impacts

Tidal wetlands can provide flood protection, but this ecosystem service may be lost with sea-level rise. Our
analysis show that there is limited tidal wetland migration space available and therefore the risk of overall loss
of these services is possible for some areas®. Linhoss et al.3 estimated a loss in property values in one estuary
in Florida, U.S. as $177 million USD from sea-level rise. A national synthesis estimated 1-7 million people
are at risk due to sea-level rise with an estimated GDP loss between $70-289 billion USD/year by 2100%. A
separate analysis for Californi, U.S. a estimated 480,000 people will be impacted (including large number of low-
income communities and communities of color) and $100 billion worth of property impacts®'. In Puget Sound,
Washington a study identified that with 1 m of sea-level rise, annual flood extents will increase risk to $206
million USD. NbS could offer management prescriptions that could benefit local communities and economies if
tidal wetland extent is maintained.

Recent studies acknowledge that tidal wetland migration could impact rural low-lying working lands
(i.e., pasture, crops) and human communities®?, but could also provide enhanced flood protection for these
communities®"*>. An analysis evaluating impacts to working lands has not been done for the U.S. Pacific Coast,
but our results indicate that 53% of tidal wetland migration space is composed of crop and pasture lands.
Most estuaries in southern California are dense urban areas including areas of severely disadvantaged human
communities’!, which could have increased flood risks and loss of other ecosystem services. Most tidal wetland
migration space in central and southern California was identified as developed illustrating a flooding concern
for these coastal communities. Some regions are implementing new laws or regulations to address the concerns
for social justice and sea-level rise (e.g.,”>"%). The implementation of management strategies to promote tidal
wetland restoration or migration can evaluate the impacts to human communities and injustices as well. This
can be done within a socio-ecological system framework to understand any mismatched goals or unintended
consequences’’.

Conclusion

The trajectory of sea-level rise seems clear, but the future rate is uncertain (especially after 2050); therefore,
identifying long-term management prescriptions along with short-term actions to prevent tidal wetland and
associated biodiversity loss is needed®®. For the case study presented here, we found a general lack of tidal
wetland migration space that doesn't require intensive human intervention and investment, which poses
significant concerns for conservation of these ecosystems. If tidal wetlands are lost extensively across the Pacific
coast, there will be a need for major engineered infrastructure by coastal human communities®. But, if NbS$ are
implemented early enough, ecosystem services and tidal wetland habitats could be maintained over the coming
decades including flood protection to developed lands and biodiversity. This work illustrates the importance
of conducting studies at the local and regional scale to investigate the nuances of possible change to inform
management action.

Methods

Study area

We examined the potential landward migration of tidal wetlands along the Pacific Coast of the conterminous
United States (i.e., the states of Washington, Oregon, and California). The northern half of the coastline has an
oceanic climate with moderate rainfall and mild/cool temperatures, while most of mid to southern portion of
the coastline (California) has a Mediterranean climate, which is warmer and dryer. The coastline is a mosaic
of offshore rocks, bluffs, beaches, and tidal wetlands. The inland areas of estuaries in this region are composed
of forests, grasslands, agricultural croplands, pastures, and urban development. This region has mixed semi-
diurnal tides with an average tide range between 2 and 4 m depending on the location. Tidal wetlands tend to
start at Mean High Water (MHW) to above Mean Higher High Water (MHHW)1%%19! In California, emergent
halophytic vegetation at higher elevations include Limonium californicum, Distlichlis littoralis, and Frankenia
salina®'. Tidal wetland platforms are dominated by Salicornia spp. and Distichlis spicata with Spartina spp.
dominating lower elevations'?#!. In the more temperate climates of Oregon and Washington, tidal wetlands
are dominated by Juncus balticus and Potentilla anserina in the high marsh and Carex lyngbyei and Triglochin
maritima in the low marsh areas'®!*1. The Pacific Coast has about 410 estuaries, bays, and sub-estuaries, across
5700 km? of coastline, with three estuaries—Puget Sound, Columbia River Estuary, and the San Francisco Bay
Estuary making up 27% of the area'%%. About 85% of tidal wetlands have been lost along the Pacific Coast'*® due
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primarily to expansion of human settlements and agriculture activities. Much of the area is densely populated
with over 53 million people!®. Some of the largest coastal cities in the United States are located on the Pacific
Coast; for example, Los Angeles (>4.5 million people), San Francisco Bay estuary (>9 million people), and Puget
Sound estuary (>4 million people).

Tidal wetland analyses

Existing tidal wetland

We evaluated the total area of tidal wetlands for 61 estuary drainage areas (EDA) that encompass the conterminous
U.S. Pacific Coast?*!1%°. We used the 2016 NOAA Climate Change Analysis Program land cover classification
product (C-CAP,'%) for land cover classes (cultivated land, pasture/hay, palustrine emergent wetlands, estuarine
emergent wetlands, grassland/scrub, forest, and development). We combined all development categories (low,
medium, and high intensity development) into one classification, along with forest (deciduous, evergreen, mixed
forests). Barren lands were combined with grasslands due to its limited area. Hereafter named—crops, pasture,
forest, grassland/shrub, freshwater wetland, and developed. Next a 10 m resolution NOAA sea-level rise digital
elevation model (DEM)!%” was used and augmented with LiDAR-derived, minimum bin DEM where needed to
fill in data gaps. Grids of interpolated tidal datums were obtained from NOAA and resampled to 10 m?°. Relative
elevation was calculated by subtracting the local tidal datum elevation from the DEM. The 30 m C-CAP grid was
resampled to 10 m to align with the elevation DEM. Current tidal wetland area was defined as the estuarine and
palustrine wetland C-CAP classes that were below the local mean higher high water spring (MHHWS), which is
the average of the highest level of spring tides.

Tidal wetland restoration

In our analysis, restoration areas were identified as an elevation that would be currently suitable for tidal flooding
and the establishment of tidal wetland emergent vegetation. Here, we include locations of former or degraded
wetland sites that could have barriers removed and tidal water reintroduced to promote the establishment of
hydrophytic vegetation. To calculate potential restoration area, we identified non-wetland areas according to
C-CAP that were less than the local MHHWS. This elevation was selected since it was the highest possible tidal
water level that would be suitable for tidal flooding and emergent vegetation colonization®!. Land cover classes
that were considered as restoration candidates included crops, pasture, and grassland/scrub. Subsided lands
below the limit for vegetation establishment were also included, assuming that either natural development or
engineered restoration would be possible. The area of developed land that is below MHHWS was also calculated.
We then summarized the potential restoration area by EDA and land cover type.

Tidal wetland migration

Here, we focused on the potential for tidal wetland migration in EDAs!%. Our analyses examine the potential
effects of a 1.5 m global mean sea-level rise, which for 2100, corresponds to the Intermediate-High greenhouse
gas emission scenario'!. For 2150, a 1.5-m global mean sea level rise falls between the Intermediate-Low and
Intermediate scenarios'®. We accounted for variation in sea-level rise projections by using an interpolated
surface across the Pacific Coast. To calculate potential migration area, we extracted land cover data from areas
above current MHHWS and below MHHWS + 1.5 m. Isolated pixels in the migration dataset were removed by
using the shrink and expand tools in ArcGIS Pro (Esri, Redlands, CA), applying a three-pixel threshold. The
C-CAP landcover classes that were considered appropriate for migration (all categories except development)
were the same as for the restoration analysis. Potential migration did not require spatial connectivity to a current
tidal wetland or restoration; this assumes that either natural recruitment from the seed bank or active planting to
facilitate migration would occur. For facilitated migration we then assumed that potential barriers to migration,
such as roads or levees, would be engineered (NbS) to facilitate the establishment of tidal wetlands. Here, we
identified suitable areas based on elevation, but did not address feasibility which would be an important future
analysis.

Analysis

EDAs where the sum of restoration and migration area was greater than current tidal wetland area were
categorized as needing horizontal intervention (restoration and migration), while EDAs with less than 1:1
replacement of tidal wetland area were categorized as needing vertical intervention (elevation building).

Data availability

All data generated or analyzed during this study are included in this published article and its supplementary
information files. The National Land Cover Database through the Coastal Change Analysis Program (C-CAP) is
publicly available at C-CAP Regional Land Cover (noaa.gov).

Received: 17 May 2023; Accepted: 5 March 2025
Published online: 03 April 2025

References

1. Walther, G.-R. et al. Ecological responses to recent climate change. Nature 416, 389-395 (2002).

2. The White House, US Government. FACT SHEET: President Biden takes executive actions to tackle the climate crisis at home
and abroad, create jobs, and restore scientific integrity across federal government. The White House, https://bidenwhitehouse.arc
hives.gov/briefing-room/statements-releases/2021/01/27/fact-sheet-president-biden-takes-executive-actions-to-tackle-the-clim
ate-crisis-at-home-and-abroad-create-jobs-and-restore-scientific-integrity-across-federal-government/(2021).

3. NASA. Living Ocean. NASA Science https://science.nasa.gov/earth-science/oceanography/living-ocean (2023).

Scientific Reports |

(2025) 15:11443 | https://doi.org/10.1038/s41598-025-93437-z nature portfolio


https://science.nasa.gov/earth-science/oceanography/living-ocean
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

12.

13.

14.

15.

16.

17.

19

20.

21.

22.

23.

24.

25.

26.

28.

29

30.

31.

38.

39.

40.

41.

42.
43.

44.

45.

46.

43

48.

. Merkens, J. L., Reimann, L., Hinkel, J. & Vafeidis, A. T. Gridded population projections for the coastal zone under the Shared

Socioeconomic Pathways. Glob. Planet. Change 145, 57-66 (2016).

. Barnard, P. L. et al. Dynamic flood modeling essential to assess the coastal impacts of climate change. Sci. Rep. 9, 4309 (2019).
. Cahoon, D. R. A review of major storm impacts on coastal wetland elevations. Estuaries Coasts 29, 889-898 (2006).
. Nicholls, R. J. et al. A global analysis of subsidence, relative sea-level change and coastal flood exposure. Nat. Clim. Change 11,

338-342 (2021).

. Thorne, K. et al. U.S. Pacific coastal wetland resilience and vulnerability to sea-level rise. Sci. Adv. 4, eaa03270 (2018).
. Box, J. E. et al. Greenland ice sheet climate disequilibrium and committed sea-level rise. Nat. Clim. Change 12, 808-813 (2022).
. Meinshausen, M. et al. The shared socio-economic pathway (SSP) greenhouse gas concentrations and their extensions to 2500.

Geosci. Model Dev. 13, 3571-3605 (2020).

. IPCC, 2021: Climate Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report

of the Intergovernmental Panel on Climate Change[Masson-Delmotte, V., P. Zhai, A. Pirani, S.L. Connors, C. Péan, S. Berger,
N. Caud, Y. Chen, L. Goldfarb, M.I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, ].B.R. Matthews, T.K. Maycock, T. Waterfield, O.
Yelekgi, R. Yu, and B. Zhou (eds.)]. Cambridge University Press, Cambridge, United Kingdom and New York, NY, USA, In press.
https://doi.org/10.1017/9781009157896.

Aerts, J. C. J. H. et al. Pathways to resilience: adapting to sea level rise in Los Angeles: Sea level rise and flood risk in LA. Ann. N.
Y. Acad. Sci. 1427, 1-90 (2018).

Lynch, A. J. et al. Managing for RADical ecosystem change: applying the resist-accept-direct (RAD) framework. Front. Ecol.
Environ. 19, 461-469 (2021).

Mitra, S., Wassmann, R. & Vlek, L. G. P. An appraisal of global wetland area and its organic carbon stock. Curr. Sci. 88, 25-35
(2005).

Davidson, N. C. How much wetland has the world lost? Long-term and recent trends in global wetland area. Mar. Freshw. Res. 65,
934 (2014).

Wang, E, Lu, X,, Sanders, C. . & Tang, J. Author correction: Tidal wetland resilience to sea level rise increases their carbon
sequestration capacity in United States. Nat. Commun. 10, 5733 (2019).

Lovelock, C. E. et al. The vulnerability of Indo-Pacific mangrove forests to sea-level rise. Nature 526, 559-563 (2015).

. Saintilan, N. et al. Constraints on the adjustment of tidal marshes to accelerating sea level rise. Science 377, 523-527 (2022).

Ballachey, B. E. & Bodkin, J. L. Challenges to sea otter recovery and conservation. In Sea Otter Conservation (eds Ballachey, B. E.
& Bodkin, J. L.) (Elsevier, 2015).

Piou, C. & Prévost, E. Contrasting effects of climate change in continental vs oceanic environments on population persistence and
microevolution of Atlantic salmon. Glob. Change Biol. 19, 711-723 (2013).

ZocKler, C., Syroechkovskiy, E. E. & Atkinson, P. W. Rapid and continued population decline in the spoon-billed sandpiper
Eurynorhynchus pygmeus indicates imminent extinction unless conservation action is taken. Bird Conserv. Int. 20, 95-111 (2010).
Rosencranz, J. A. et al. Rising tides: Assessing habitat vulnerability for an endangered salt marsh-dependent species with sea-level
rise. Wetlands 39, 1203-1218 (2019).

Erwin, K. L. Wetlands and global climate change: the role of wetland restoration in a changing world. Wetl. Ecol. Manag. 17,71-84
(2009).

Morris, J. T., Sundareshwar, P. V., Nietch, C. T., Kjerfve, B. & Cahoon, D. R. Responses of coastal wetlands to rising sea level.
Ecology 83, 2869-2877 (2002).

Enwright, N. M., Griffith, K. T. & Osland, M. ]. Barriers to and opportunities for landward migration of coastal wetlands with
sea-level rise. Front. Ecol. Environ. 14, 307-316 (2016).

Osland, M. J. et al. Migration and transformation of coastal wetlands in response to rising seas. Sci. Adv. 8, eabo5174 (2022).

. Fagherazzi, S. et al. Sea level rise and the dynamics of the marsh-upland boundary. Front. Environ. Sci. 7, 25 (2019).

Langston, A. K. et al. The effect of marsh age on ecosystem function in a rapidly transgressing marsh. Ecosystems 25, 252-264
(2022).

Cohen-Shacham, E., Walters, G., Janzen, C. & Maginnis, S. Nature-Based Solutions to Address Global Societal Challenges (IUCN
International Union for Conservation of Nature, 2016).

Van Coppenolle, R. & Temmerman, S. A global exploration of tidal wetland creation for nature-based flood risk mitigation in
coastal cities. Estuar. Coast. Shelf Sci. 226, 106262 (2019).

Seddon, N. et al. Understanding the value and limits of nature-based solutions to climate change and other global challenges.
Philos. Trans. R. Soc. B Biol. Sci. 375, 20190120 (2020).

. Kirwan, M. L., Temmerman, S., Skeehan, E. E., Guntenspergen, G. R. & Fagherazzi, S. Overestimation of marshvulnerability to

sea level rise. Nature Clim Change 6, 253-260 (2016).

. Schuerch, M. et al. Future response of global coastal wetlands to sea-level rise. Nature 561, 231-234 (2018).

. Murray, N. J. et al. High-resolution mapping of losses and gains of Earth’s tidal wetlands. Science 376, 2744-749 (2022).

. Antdo, L. H. et al. Climate change reshuffles northern species within their niches. Nat. Clim. Change 12, 587-592 (2022).

. Thurman, L. L. et al. Persist in place or shift in space? Evaluating the adaptive capacity of species to climate change. Front. Ecol.

Environ. 18, 520-528 (2020).

. Veloz, S. D. et al. No-analog climates and shifting realized niches during the late quaternary: implications for 21st-century

predictions by species distribution models. Glob. Change Biol. 18, 1698-1713 (2012).

Sullivan, M. J. P, Davy, A. ], Grant, A. & Mossman, H. L. Is saltmarsh restoration success constrained by matching natural
environments or altered succession? A test using niche models. J. Appl. Ecol. 55, 1207-1217 (2018).

Sunday, J. M., Bates, A. E. & Dulvy, N. K. Thermal tolerance and the global redistribution of animals. Nat. Clim. Change 2,
686-690 (2012).

Buffington, K. J., Goodman, A. C., Freeman, C. M. & Thorne, K. M. Testing the interactive effects of flooding and salinity on tidal
marsh plant productivity. Aquat. Bot. 164, 103231 (2020).

Janousek, C. N., Thorne, K. M. & Takekawa, J. Y. Vertical zonation and niche breadth of tidal marsh plants along the Northeast
Pacific coast. Estuar. Coasts 42, 85-98 (2019).

Greenberg, R. & Droege, S. Adaptations to tidal marshes in breeding populations of the swamp sparrow. Condor 92, 393 (1990).
Grenier, ]. L. & Greenberg, R. A biogeographic pattern in sparrow bill morphology: parallel adaptation to tidal marshes. Evolution
59, 1588-1595 (2005).

Ladin, Z. S. et al. Detection of local-scale population declines through optimized tidal marsh bird monitoring design. Glob. Ecol.
Conserv. 23, e01128 (2020).

Smith, K. R., Barthman-Thompson, L., Gould, W. R. & Mabry, K. E. Effects of natural and anthropogenic change on habitat use
and movement of endangered salt marsh harvest mice. PLoS One 9, €108739 (2014).

Thorne, K. M., Spragens, K. A., Buffington, K. J., Rosencranz, J. A. & Takekawa, ]. Flooding regimes increase avian predation on
wildlife prey in tidal marsh ecosystems. Ecol. Evol. 9, 1083-1094 (2019).

University of San Francisco et al. Tidal wetland restoration in san francisco bay: History and current issues. San Franc. Estuary
Watershed Sci. https://doi.org/10.15447/sfews.2011v9iss3art2 (2011).

Parsons, L. S. & Zedler, J. B. Factors affecting reestablishment of an endangered annual plant at a california salt marsh. Ecol. Appl.
7, 253-267 (1997).

Scientific Reports|  (2025) 15:11443

| https://doi.org/10.1038/s41598-025-93437-z nature portfolio


https://doi.org/10.1017/9781009157896
https://doi.org/10.15447/sfews.2011v9iss3art2
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

49.

46

51.

52.

53.

54.

55.

52

57.
58.

59.

60.

61.

63.

64.

65.

66.

68.

69.
70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

79

84.

85.

86.

87.

88.

89.

90.

91.

88

Kirwan, M. L. & Gedan, K. B. Sea-level driven land conversion and the formation of ghost forests. Nat. Clim. Change 9, 450-457
(2019).

Reddy, K. R,, Clark, M. W,, DeLaune, R. D. & Kongchum, M. Physicochemical characterization of wetland soils. In SSSA Book
Series (eds De Laune, R. D. et al.) (American Society of Agronomy and Soil Science Society of America, 2015).

Yang, S. L. et al. Spatial and temporal variations in sediment grain size in tidal wetlands, Yangtze delta: On the role of physical and
biotic controls. Estuar. Coast. Shelf Sci. 77, 657-671 (2008).

Field, C. R., Gjerdrum, C. & Elphick, C. S. Forest resistance to sea-level rise prevents landward migration of tidal marsh. Biol.
Conserv. 201, 363-369 (2016).

Walters, D. C. et al. Experimental tree mortality does not induce marsh transgression in a chesapeake bay low-lying coastal forest.
Front. Mar. Sci. 8, 782643 (2021).

Wang, W. et al. Constrained tree growth and gas exchange of seawater-exposed forests in the Pacific Northwest, USA. J. Ecol. 107,
2541-2552 (2019).

Grieger, R., Capon, S. J., Hadwen, W. L. & Mackey, B. Between a bog and a hard place: a global review of climate change effects on
coastal freshwater wetlands. Clim. Change 163, 161-179 (2020).

Wang, H. et al. Modeling soil porewater salinity response to drought in tidal freshwater forested wetlands. J. Geophys. Res.
Biogeosci. https://doi.org/10.1029/2018]G004996 (2020).

Charlier, R. H., Chaineux, M. C. P. & Morcos, S. Panorama of the history of coastal protection. J. Coast. Res. 211, 79-111 (2005).
Ido, S. & Shimrit, P. E. Blue is the new green—Ecological enhancement of concrete based coastal and marine infrastructure. Ecol.
Eng. 84, 260-272 (2015).

Ruckelshaus, M. H. et al. Evaluating the benefits of green infrastructure for coastal areas: Location, Location Location. Coast.
Manag. 44, 504-516 (2016).

Polk, M. A,, Gittman, R. K., Smith, C. S. & Eulie, D. O. Coastal resilience surges as living shorelines reduce lateral erosion of salt
marshes. Integr. Environ. Assess. Manag. 18, 82-98 (2022).

Temmerman, S. et al. Ecosystem-based coastal defence in the face of global change. Nature 504, 79-83 (2013).

. Borsje, B. W. et al. How ecological engineering can serve in coastal protection. Ecol. Eng. 37, 113-122 (2011).

Thorslund, J. et al. Wetlands as large-scale nature-based solutions: Status and challenges for research, engineering and
management. Ecol. Eng. 108, 489-497 (2017).

Brumbaugh, R. D. & Coen, L. D. Contemporary approaches for small-scale oyster reef restoration to address substrate versus
recruitment limitation: A review and comments relevant for the olympia oyster, Ostrea lurida carpenter 1864. J. Shellf. Res. 28,
147-161 (2009).

Thom, R. et al. Eelgrass (Zostera marina L.) restoration in puget sound: development of a site suitability assessment process: Puget
sound eelgrass restoration site selection. Restor. Ecol. 26, 1066-1074 (2018).

Lithgow, D. et al. Linking restoration ecology with coastal dune restoration. Geomorphology 199, 214-224 (2013).

. Besterman, A. F. et al. Buying time with runnels: a climate adaptation tool for salt marshes. Estuar. Coasts 45, 1491-1501 (2022).

Brand, L. A. et al. Trajectory of early tidal marsh restoration: Elevation, sedimentation and colonization of breached salt ponds in
the northern San Francisco bay. Ecol. Eng. 42, 19-29 (2012).

Arns, A. et al. Sea-level rise induced amplification of coastal protection design heights. Sci. Rep. 7, 40171 (2017).

Bernazzani, P, Bradley, B. A. & Opperman, J. J. Integrating climate change into habitat conservation plans under the U.S.
endangered species act. Environ. Manag. 49, 1103-1114 (2012).

Doelman, J. C. & Stehfest, E. The risks of overstating the climate benefits of ecosystem restoration. Nature 609, E1-E3 (2022).
Strassburg, B. B. N. et al. Global priority areas for ecosystem restoration. Nature 586, 724-729 (2020).

Van Belzen, J. et al. Vegetation recovery in tidal marshes reveals critical slowing down under increased inundation. Nat. Commun.
8, 15811 (2017).

Gourgue, O. et al. Biogeomorphic modeling to assess the resilience of tidal-marsh restoration to sea level rise and sediment
supply. Earth Surf. Dyn. 10, 531-553 (2022).

Liu, Z., Fagherazzi, S. & Cui, B. Success of coastal wetlands restoration is driven by sediment availability. Commun. Earth Environ.
2,44 (2021).

Sapkota, Y. & White, J. R. Carbon offset market methodologies applicable for coastal wetland restoration and conservation in the
United States: A review. Sci. Total Environ. 701, 134497 (2020).

Arias-Ortiz, A. et al. Tidal and nontidal marsh restoration: A trade-off between carbon sequestration, methane emissions, and
soil accretion. J. Geophys. Res. Biogeosci. 126, €2021JG006573 (2021).

Schieder, N. W,, Walters, D. C. & Kirwan, M. L. Massive upland to wetland conversion compensated for historical marsh loss in
Chesapeake Bay, USA. Estuaries Coasts 41, 940-951 (2018).

Stein, E. D. et al. Establishing targets for regional coastal wetland restoration planning using historical ecology and future scenario
analysis: The past, present, future approach. Estuar. Coasts 43, 207-222 (2020).

Croft, A. L., Leonard, L. A,, Alphin, T. D., Cahoon, L. B. & Posey, M. H. The effects of thin layer sand renourishment on tidal
marsh processes: Masonboro Island North Carolina. Estuar. Coasts 29, 737-750 (2006).

Davis, J., Currin, C. & Mushegian, N. Effective use of thin layer sediment application in Spartina alterniflora marshes is guided by
elevation-biomass relationship. Ecol. Eng. 177, 106566 (2022).

Mendelssohn, I. A. & Kuhn, N. L. Sediment subsidy: effects on soil-plant responses in a rapidly submerging coastal salt marsh.
Ecol. Eng. 21, 115-128 (2003).

Payne, A. R., Burdick, D. M., Moore, G. E. & Wigand, C. Short-term effects of thin-layer sand placement on salt marsh grasses: A
marsh organ field experiment. J. Coast. Res https://doi.org/10.2112/JCOASTRES-D-20-00072.1 (2021).

Raposa, K. B. et al. Laying it on thick: Ecosystem effects of sediment placement on a microtidal Rhode Island salt marsh. Front.
Environ. Sci. 10, 939870 (2022).

Stagg, C. L. & Mendelssohn, I. A. Controls on resilience and stability in a sediment-subsidized salt marsh. Ecol. Appl. 21, 1731-
1744 (2011).

Thorne, K. M., Freeman, C. M., Rosencranz, J. A., Ganju, N. K. & Guntenspergen, G. R. Thin-layer sediment addition to an
existing salt marsh to combat sea-level rise and improve endangered species habitat in California, USA. Ecol. Eng. 136, 197-208
(2019).

Callaway, J. C., Sullivan, G. & Zedler, J. B. Species-rich plantings increase biomass and nitrogen accumulation in a wetland
restoration experiment. Ecol. Appl. 13, 1626-1639 (2003).

Adam Langley, J., Mozdzer, T. J., Shepard, K. A., Hagerty, S. B. & Patrick Megonigal, J. Tidal marsh plant responses to elevated
CO,, nitrogen fertilization, and sea level rise. Glob. Change Biol. 19, 1495-1503 (2013).

Linhoss, A. C., Kiker, G., Shirley, M. & Frank, K. Sea-level rise, inundation, and marsh migration: Simulating impacts on
developed lands and environmental systems. J. Coast. Res. 31, 36 (2015).

Haer, T., Kalnay, E., Kearney, M. & Moll, H. Relative sea-level rise and the conterminous United States: Consequences of potential
land inundation in terms of population at risk and GDP loss. Glob. Environ. Change 23, 1627-1636 (2013).

Heberger, M., Cooley, H., Herrera, P,, Gleick, P. H. & Moore, E. Potential impacts of increased coastal flooding in California due
to sea-level rise. Clim. Change 109, 229-249 (2011).

Van Dolah, E. R., Miller Hesed, C. D. & Paolisso, M. ]. Marsh migration, climate change, and coastal resilience: Human dimensions
considerations for a fair path forward. Wetlands 40, 1751-1764 (2020).

Scientific Reports |

(2025) 15:11443

| https://doi.org/10.1038/s41598-025-93437-z nature portfolio


https://doi.org/10.1029/2018JG004996
https://doi.org/10.2112/JCOASTRES-D-20-00072.1
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

89 Guimond, J. A. & Michael, H. A. Effects of marsh migration on flooding, saltwater intrusion, and crop yield in coastal agricultural
land subject to storm surge inundation. Water Resour. Res. https://doi.org/10.1029/2020WR028326 (2021).

94. California State Parks. Statewide Parks Program Community FactFinder-2023 Edition. (2023).

95. Frost, L. & Miller, E. Planning for social justice, anticipating sea level rise: the case of lake Macquarie, Australia. Aust. Geogr. 52,
171-190 (2021).

96. Nurhidayah, L. & McIlgorm, A. Coastal adaptation laws and the social justice of policies to address sea level rise: An Indonesian
insight. Ocean Coast. Manag. 171, 11-18 (2019).

97. Bhattachan, A. et al. Sea level rise impacts on rural coastal social-ecological systems and the implications for decision making.
Environ. Sci. Policy 90, 122-134 (2018).

98. Lawrence, J., Haasnoot, M. & Lempert, R. Climate change: making decisions in the face of deep uncertainty. Nature 580, 456-456
(2020).

99. Menéndez, P, Losada, L. J., Torres-Ortega, S., Narayan, S. & Beck, M. W. The global flood protection benefits of mangroves. Sci.
Rep. 10, 4404 (2020).

100. Thorne, K.M., MacDonald, G.M., Ambrose, R.E, Buffington, K.J., Freeman, C.M., Janousek, C.N., Brown, L.N., Holmquist, J.R.,
Gutenspergen, G.R., Powelson, K.W,, Barnard, P.L., and Takekawa, ].Y., 2016, Effects of climate change on tidal marshes along a
latitudinal gradient in California: U.S. Geological Survey Open-File Report 2016-1125, 75 p. https://doi.org/10.3133/0fr2016112
5.

101. Thorne, K.M., Dugger, B.D., Buffington, K.J., Freeman, C.M., Janousek, C.N., Powelson, K.W., Gutenspergen, G.R., and Takekawa,
J.Y., 2015, Marshes to mudflats—Effects of sea-level rise on tidal marshes along a latitudinal gradient in the Pacific Northwest: U.S.
Geological Survey Open-File Report 2015-1204, 54 p. plus appendixes. https://doi.org/10.3133/0fr20151204.

102. U.S. Environmental Protection Agency. West Coast Estuaries: National Coastal Condition Assessment 2015. https://www.epa.gov/
national-aquatic-resource-surveys/west-coast-estuaries-national-coastal-condition-assessment-2015#:~:text=The%20provinces
9%200£%20this%20region,is%20about%202%2C200%20square%20miles. (2015).

103. Brophy, L. S. et al. Insights into estuary habitat loss in the western United States using a new method for mapping maximum
extent of tidal wetlands. PLoS One 14, €0218558 (2019).

104. US. Census Bureau. Change in resident population of the 50 states, the district of Columbia, and Puerto Rico: 1910 to 2020.
Report. Census.gov. (2021).

105. Dale, B. et al. Estuarine drainage area boundaries for the conterminous United States (U.S. Geological Survey, 2022). https://doi.
org/10.5066/P9LPN3YY (2022).

106. NOAA. NOAA’s coastal change analysis program (C-CAP) 2016 regional land cover data—Coastal United States (NOAA Office
for Coastal Management, 2021). (2021).

107. NOAA. Detailed method for mapping sea level rise marsh migration (NOAA office for coastal management. 2017 (2017).

108. Sweet, W. V. et al. Global and regional sea level rise scenarios for the United States: Updated mean projections and extreme water
level probabilities along U.S. coastlines. NOAA Technical Report NOS 01,111 (2022).

Acknowledgements

We would like to thank the U.S. Geological Survey (USGS) Western Ecological Research Center and the USGS
Climate Research and Development Program for support. Any use of trade, firm, or product names in this pub-
lication is for descriptive purposes only and does not imply endorsement by the U.S. government.

Author contributions

KMT contributed project management, study conceptual idea, study design, analysis, and writing. KJB contrib-
uted analysis, writing, and figures. MJO contributed conceptual study ideas, data, and writing. BC contributed
study design, data, and analysis. JBG contributed study design and writing. NME contributed to study design,
analysis, figures, and writing. GRG contributed to study design and writing. All authors contributed to revisions.

Declarations

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/541598-025-93437-z.

Correspondence and requests for materials should be addressed to K.M.T.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

This is a U.S. Government work and not under copyright protection in the US; foreign copyright protection
may apply 2025

Scientific Reports |

(2025) 15:11443 | https://doi.org/10.1038/s41598-025-93437 -z nature portfolio


https://doi.org/10.1029/2020WR028326
https://doi.org/10.3133/ofr20161125
https://doi.org/10.3133/ofr20161125
https://doi.org/10.3133/ofr20151204
https://www.epa.gov/national-aquatic-resource-surveys/west-coast-estuaries-national-coastal-condition-assessment-2015#:~:text=The%20provinces%20of%20this%20region,is%20about%202%2C200%20square%20miles
https://www.epa.gov/national-aquatic-resource-surveys/west-coast-estuaries-national-coastal-condition-assessment-2015#:~:text=The%20provinces%20of%20this%20region,is%20about%202%2C200%20square%20miles
https://www.epa.gov/national-aquatic-resource-surveys/west-coast-estuaries-national-coastal-condition-assessment-2015#:~:text=The%20provinces%20of%20this%20region,is%20about%202%2C200%20square%20miles
https://doi.org/10.5066/P9LPN3YY
https://doi.org/10.5066/P9LPN3YY
https://doi.org/10.1038/s41598-025-93437-z
https://doi.org/10.1038/s41598-025-93437-z
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Nature-based solutions could offset coastal squeeze of tidal wetlands from sea-level rise on the U.S. Pacific coast
	﻿Results
	﻿Current area
	﻿Natural migration
	﻿Restoration potential
	﻿Facilitated migration

	﻿Discussion
	﻿Biodiversity implications
	﻿Migration potential
	﻿Nature-based solutions
	﻿Social and economic impacts

	﻿Conclusion
	﻿Methods
	﻿Study area
	﻿Tidal wetland analyses
	﻿Existing tidal wetland
	﻿Tidal wetland restoration
	﻿Tidal wetland migration
	﻿Analysis


	﻿References


